Epithelial cell polarity defects support cancer progression. It is thus crucial to decipher the 28 functional interactions within the polarity protein network. Here we show that Drosophila Girdin 29 and its human ortholog (GIRDIN) sustain the function of crucial lateral polarity proteins by 30 inhibiting the apical kinase aPKC. Loss of GIRDIN expression is also associated with 31 overgrowth of disorganized cell cysts. Moreover, we observed cell dissemination 32 from GIRDIN knockdown cysts and tumorspheres, thereby showing that GIRDIN supports the 33 cohesion of multicellular epithelial structures. Consistent with these observations, alteration 34 of GIRDIN expression is associated with a poor overall survival in subtypes of breast and lung 35 cancers. Overall, we discovered a core mechanism contributing to epithelial cell polarization 36 from flies to humans. Our data also indicate that GIRDIN has the potential to impair the 37 progression of epithelial cancers by preserving cell polarity and restricting cell dissemination. 38 39
Introduction 40
The ability of epithelia to form physical barriers is provided by specialized cell-cell junctions, 41
including the zonula adherens (ZA). The latter is a belt-like adherens junction composed 42 primarily of the transmembrane homotypic receptor E-cadherin, which is linked indirectly to 43 circumferential F-actin bundles through adaptor proteins such as β-catenin and α-catenin (Desai 44 et al., 2013; Harris and Tepass, 2010) . In Drosophila embryonic epithelia, the protein Girdin 45 stabilizes the ZA by reinforcing the association of the cadherin-catenin complex with the actin 46 cytoskeleton (Houssin et al., 2015) . This function in cell-cell adhesion is preserved in mammals, 47 and supports collective cell migration (Wang et al., 2018; Wang et al., 2011) . Fly and human 48
Girdin also contribute to the coordinated movement of epithelial cells through the organization of 49 supracellular actin cables (Houssin et al., 2015; Wang et al., 2018) . 50
51
In addition to creating barriers, epithelial tissues generate vectorial transport and spatially 52 oriented secretion. The unidirectional nature of these functions requires the polarization of 53 epithelial cells along the apical-basal axis. In Drosophila, the scaffold protein Bazooka (Baz) is 54 crucial to the early steps of epithelial cell polarization, and for proper assembly of the ZA (Bilder 55 et al., 2003; Harris and Peifer, 2004; McGill et al., 2009; Muller and Wieschaus, 1996) . Baz 56 recruits atypical Protein Kinase C (aPKC) together with its regulator Partitioning defective 57 protein 6 (Par-6) to the apical membrane (Harris and Peifer, 2005; Tepass, 2012; Wodarz et al., 58 2000) . Baz also contributes to apical positioning of the Crumbs (Crb) complex, which is 59 composed mainly of Crb, Stardust (Sdt), and PALS1-associated Tight Junction protein (Patj) 60 (Krahn et al., 2010; Tepass, 2012) . Once properly localized, the aPKC-Par-6 and Crb complexes 61 promote the apical exclusion of Baz, which is then restricted to the ZA (Harris and Peifer, 2005 ; 62 under energetic stress (Aznar et al., 2016b) . Moreover, mammalian GIRDIN is required for the 86 formation of epithelial cell cysts with a single lumen, supporting a role for this protein in 87 epithelial morphogenesis as reported in flies (Aznar et al., 2016b; Houssin et al., 2015; Ohara et 88 al., 2012; Sasaki et al., 2015) . As cyst morphogenesis is linked to epithelial cell polarity 89 (Sigurbjornsdottir et al., 2014) , these studies suggest that GIRDIN is involved in establishing the 90 apical-basal axis. However, further studies are required to clarify the role of GIRDIN in apical-91 basal polarity per se, as other cellular processes could explain the phenotype associated with 92 altered GIRDIN expression. For instance, spindle orientation defects impair the formation of 93 epithelial cysts (Jaffe et al., 2008) . Of note, PAR3, aPKC, and AMPK are all required for proper 94 spindle positioning in dividing epithelial cells (Durgan et al., 2011; Hao et al., 2010; Lu and 95 Johnston, 2013; Thaiparambil et al., 2012) . The molecular mechanisms sustaining the putative 96 role of GIRDIN in epithelial cell polarity also need to be better deciphered. Here, we further 97 investigated the role of fly and human Girdin proteins in the regulation of epithelial cell polarity, 98
and showed that these proteins are part of the lateral polarity protein network. One crucial 99 function of Girdin proteins is to repress aPKC function. We also discovered that loss of Girdin 100 proteins promotes overgrowth of cell cysts, and cell dissemination from these multicellular 101 structures. Consistent with these data, we found that low GIRDIN expression correlates with poor 102 overall survival in subtypes of breast and lung cancers. 103
Results

104
Girdin is a crucial component of the genetic network supporting lateral membrane stability 105 in polarized epithelial cells 106
To explore the role of Girdin in epithelial cell polarity regulation, we investigated its functional 107 relationship with Yrt and Lgl, which are known polarity regulators in Drosophila embryos. These 108 lateral proteins prevent overactivation of the Crb-and aPKC-containing apical machinery, 109 thereby precluding apicalization of the lateral membrane (Bilder et al., 2003; Gamblin et al., 110 2014; Laprise et al., 2006; Tanentzapf and Tepass, 2003; Yamanaka et al., 2006) . Similar to 111
Girdin, Yrt and Lgl are provided maternally (Bilder, 2004; Houssin et al., 2015; Laprise et al., 112 2006) . Although suboptimal, the maternal contribution is sufficient to maintain apical-basal 113 polarity in zygotic mutant embryos carrying null alleles for Girdin, yrt or lgl (Bilder, 2004 ; embryos (Tanentzapf and Tepass, 2003) . This phenotype is clearly visible at stage 11 of 119 embryogenesis as shown by the partial co-localization of Crb with the lateral protein Discs large 120 1 (Dlg1; Figure 1J ). At stage 13, the monolayered architecture of the differentiating epidermis is 121 compromised, and polarity defects were attenuated but still apparent ( Figure 1K ). Toward the end 122 of embryogenesis (stage 16), Lgl-deficient epidermal cells formed polarized cysts of cells with 123 their extended -cuticle secreting -apical membrane facing out ( Figure 1L ). As a consequence, 124 lgl M/Z mutant embryos assembled a highly convoluted cuticle ( Figure 1R epistatic to Girdin. Thus, these genes act in a common genetic pathway in which yrt acts 140 downstream of Girdin. We tried to carry out similar experiments with lgl, but we faced technical 141 challenges and were not able to obtain lgl M/Z Girdin specimens. As an alternative, we used a 142 maternal knockdown (kd) approach, which closely mimicked a complete loss of Lgl ( Figure 1J Remaining embryos showed a weaker phenotype, and secreted either small patches of cuticle 164 (class II; Figure 4C , E), or large continuous sheets of cuticle with differentiated structure such as 165 denticle belts (class III; Figure 4D with an increase in class II and III specimens was observed ( Figure 4E ). This shows that 169 reduction of Girdin levels alleviates the impact of aPKC knockdown, and suggests that Girdin Figure 1C ). GIRDIN knockdown cells forming the disorganized 3D structures 185 were mispolarized, as shown by the peripheral accumulation of PAR6 ( Figure 5I , M, arrow) and 186 F-ACTIN ( Figure 5O ). Despite that GIRDIN knockdown cysts displayed a similar size to 187 controls, they contained more cells resulting from lumen filling ( Figure 5N 
GIRDIN maintains the cohesion of epithelial cysts 200
In addition to the morphogenesis and polarity defects associated with decreased GIRDIN 201 expression, we observed the presence of isolated cells or small cell aggregates in the proximity of 202 most GIRDIN knocked-down Caco-2 cell cysts ( Figure 5B and D, arrows). As we previously 203 reported that cell cysts detach from the epidermis and survive outside of it in Girdin mutant 204
Drosophila embryos (Houssin et al., 2015) , we hypothesized that some cells separate from 205 GIRDIN knockdown Caco-2 cysts. To test this hypothesis, we performed time-lapse microscopy 206 of control (expressing a scrambled shRNA) and GIRDIN knocked-down cysts. Over a period of 207 26 hours, control cysts showed cell-cell rearrangements, which were resolved to maintain the 208 monolayered organization ( Figure 6A and video 1). In GIRDIN knockdown cysts, cells were 209 frequently observed extending from the periphery of cysts and detaching ( Figure 6B arrow, E-G, 210 and video 2). In control cysts, the extensions were less frequent, and detachment was not 211 observed ( Figure 6A , E-G, and video 1). Further analysis also revealed that loss of GIRDIN 212 expression is associated with budding from a large group of cells from the cyst ( Figure 6C and 213 video 3), or the fragmentation of cysts into multiple smaller cell aggregates ( Figure 6D, video 4) . 214
Staining for viability revealed that all cells were alive prior to detachment from cysts, and some 215 cell survived outside of their cyst of origin ( Figure 6H to maintain the cohesion of multicellular epithelial structures, and that its loss is associated with 219 cell dispersion in control and cancer-mimetic contexts. This suggests that reduced GIRDIN may 220 confer a more aggressive phenotype to cancer cells, and sustain tumor progression. Using classical genetics in flies, we have shown that Girdin is part of the lateral polarity network. 237
Mutation of Girdin exacerbates the polarity defects in zygotic lgl or yrt mutant embryos. It was 238 previously proposed that maintenance of the ZA is essential to prevent the spread of apical 239 characteristics to the lateral domain in lgl zygotic mutant embryos (Kaplan et al., 2009) . Girdin is 240 important in strengthening DE-cadherin (DE-cad)-dependent cell-cell adhesion in developing 241 embryos (Houssin et al., 2015) , suggesting that alteration of ZA properties could explain the 242 genetic interaction between Girdin and lgl. However, we observed no genetic interaction between 243 genes coding for core components of the ZA and lgl (not shown). We thus conclude that the 244 weakening of cell-cell adhesion is not sufficient to enhance the lgl mutant phenotype, and that 245
Girdin contributes directly to the protein network supporting the stability of the lateral domain. 246
Specifically, we found that Girdin opposes the function of aPKC, which plays a crucial role in the 247 establishment and maintenance of the apical domain (Hong, 2018; Tepass, 2012) . In conclusion, using a sophisticated experimental scheme combining in vivo approaches in D. 305 melanogaster with 3D culture of human cells, we defined a conserved core mechanism of 306 epithelial cell polarity regulation. Specifically, we showed that Girdin represses the activity of 307 aPKC to support the function of Lgl and Yrt, and ensure stability of the lateral domain. This is of 308 broad interest in cell biology, as proper epithelial cell polarization is crucial for the 309 morphogenesis and physiology of most organs (Tepass, 2012) . In addition, the maintenance of a 310 polarized epithelial architecture is crucial to prevent various pathological conditions such as 311 cancer progression (Halaoui and McCaffrey, 2015) . Importantly, we show that normal Girdin 312 function putatively impairs the progression of epithelial cancers by preserving cell polarity whilst 313 restricting cell growth and cell dissemination. Thus, our results place a caveat on the idea that 314 GIRDIN could be an interesting target to limit cancer cell migration, and indicate that inhibition 315 of GIRDIN in the context of cancer could be precarious. Potential drugs targeting GIRDIN would 316 thus be usable only in the context of precision medicine where a careful analysis of aPKC, 317 LLGL1, and E-CAD expression, as well as the polarity status of tumor cells would be analyzed 318 prior to treatment. Inhibition of GIRDIN in patients carrying tumors with altered expression of 319 these proteins would likely worsen the prognosis. 320
Materials and methods
322
Drosophila genetics 323
The following mutant alleles and transgenic lines were used in this study: Girdin 2 (Houssin et 324 al., 2015) , lgl 4 (Gateff and Schneiderman, 1974) , yrt 75 
Immunofluorescence on Drosophila embryos 354
Embryos were dechorionated in 3% sodium hypochlorite for 5 min, rinsed in water, and 355 submitted to a flash heat fixation by sequential addition of 5 ml of E-wash buffer (7% NaCl, 356 0.5% Triton X-100) at 80°C and 15 ml of E-wash buffer at 4°C. Embryos were then washed with 357 PBS prior to devitellinization by strong agitation in methanol under a heptane phase (1:1), and 358 further incubated in fresh methanol for 1 h. Saturation of non-specific binding sites was achieved 359 by a 1-h incubation in NGT (2% normal goat serum, 0.3% Triton X-100 in PBS), which was also 360 used to dilute primary antibodies. The following primary antibodies were used overnight at 4°C, 361 under agitation: rat anti-Crb (Sollier et al., 2015), 1:250; mouse anti-Dlg1 [clone 4F3, 362
Developmental Studies Hybridoma Bank (DSHB)], 1:25. Embryos were washed three times for 363 20 min in PBT (0.3% Triton X-100 in PBS) before and after incubation with secondary 364 antibodies (1:400 in NGT, 1 h at room temperature), which were conjugated to Cy3 (Jackson 365
ImmunoResearch Laboratories) or Alexa Fluor 488 (Molecular Probes). Embryos were mounted 366 in Vectashield mounting medium (Vector Labs), and imaged with a FV1000 confocal microscope 367 coupled to FluoView 3.0 (Olympus), using a 40× Apochromat lens with a numerical aperture of 368 0.90. Images were uniformly processed with Olympus FV1000 viewer (v.4.2b), ImageJ (National 369 Institutes of Health), or Photoshop (CC 2017; Adobe). 370
Cuticle preparation 371
Embryos were dechorionated, mounted in 100 µl of Hoyer's mounting medium (prepared by 372 mixing 50 ml of distilled water, 20 ml of glycerol, 30 g of gum Arabic, and 200 g of chloral 373 hydrate)/lactic acid (1:1) and incubated overnight at 80°C. Embryos were imaged with an Eclipse 374 600 microscope (Nikon) through a 10× Plan Fluor objective with a numerical aperture of 0.30, 375 and a CoolSNAP fx camera (Photometrics) coupled to MetaVue 7.77 (Molecular Devices). 376
Images were processed with Photoshop (CC 2017; Adobe). 377
Antibody production 378
Antibodies against the amino acids 696 to 972 of Yrt in fusion with GST were produced in 379 rabbits (Medimabs). 380
Phosphatase assays 381
Dechorionated embryos were homogenized in ice-cold lysis buffer (1% Triton X-100, 50 mM 382 TRIS-HCl pH 7.5, 5% glycerol, 150 mM NaCl, 1 mM PMSF, 0.5 µg/mL aprotinin, 0.7 µg/mL 383 pepstatin, and 0.5 µg/mL leupeptin). Lysates were cleared by centrifugation at 4°C, and 400 units 384 of λ Phosphatase (New England Biolabs) was added to 50 µg of proteins extracted from embryos. 385
The volume of the reaction mix was completed to 30 µl with the MetalloPhosphatase buffer 386 (New England Biolabs) containing 1 mM of MnCl 2 prior to a 30-min incubation at 30°C. The 387 reaction was stopped by addition of Laemmli's buffer. 388
Western Blot 389
Dechorionated embryos were homogenized in ice-cold lysis buffer (1% Triton X-100, 50 mM 390 TRIS HCl pH 7.5, 5% glycerol, 100 mM NaCl, 50 mM NaF, 5 mM EDTA pH 8, 40 mM β-391 glycerophosphate, 1 mM PMSF, 0.5 µg/mL aprotinin, 0.7 µg/mL pepstatin, 0.5 µg/mL leupeptin 392 and 0.1 mM orthovanadate) and processed for SDS-PAGE and western blotting as previously 393 described (Laprise et al., 2002) . Primary antibodies used were: guinea pig anti-Girdin 163 394 (Houssin et al., 2015), 1:2,000; rabbit anti-Yrt (this study), 1:5000; mouse anti-GAPDH 395 (Medimabs), 1:500; rabbit anti-Lgl D300 (Santa Cruz Biotechnology) 1:1,000; rabbit anti-PKCζ 396 C20 (Santa Cruz Biotechnology), 1:2,000; mouse anti-Actin (Novus Biologicals), 1:10,00; mouse 397 anti-Tubulin (DM1A, Sigma), 1:10,000; rabbit anti-GIRDIN (ABT80, Millipore), 1:1,000. HRP-398 conjugated secondary antibodies were used at a 1:2,000 to 1:10,000 dilution. 399
Immunofluorescence on human 3D cysts 400
Three-dimensional cysts were transfected with plasmids and fixed with 2% 401 paraformaldehyde/PBS for 10 min and permeabilized in PBS supplemented with 0.5% Triton X-402 100/10% goat serum for 1 h, and incubated overnight in primary antibodies. The following 403 primary antibodies were used: mouse anti-PAR6 (1:100, Santa Cruz Biotechnology); rabbit anti-404 E-cadherin (1:100, Cell Signaling Technology). Cysts were washed three times for 15 min in 405 0.5% Triton X-100/PBS before and after incubation with secondary antibodies. Proteins were 406 with Hoechst dye 33312 (Invitrogen). 416
Live imaging 417
Three-dimensional cysts were imaged using ZEISS LSM700 confocal microscope at 20X/0.4 418 Korr M27 objective lens. Cells were imaged every 20 min for 26 h in a humidified chamber with 419 5% CO 2 and heated to 37°C. 420
Patient cancer survival 421
Survival data was retrieved from the kmplot resource (kmplot.com) for breast, lung, ovarian, and 422 gastric mRNA expression. Jetset optimal probes were selected for analysis. The breast cancer 423 intrinsic subtypes were selected for Luminal A, Luminal B, HER2-positive, and basal cancers. 424
Lung cancer subtypes were selected using the histology selection option for adenocarcinoma and 425 squamous lung cancers. Survival plots with were generated using JMP14 statistical software. 
